Introduction
Distillation and reverse osmosis are the two most common processes to obtain fresh water from seawater or brackish water. A leading distillation method is the Multi Stage Flash process (MSF). For this method, fresh water is obtained by applying thermal energy to seawater feed in multiple stages creating a distillate stream for fresh water uses, and a concentrated (brine) stream that is returned to the sea. In Reverse Osmosis processes (RO), the seawater feed is pumped at high pressure to special membranes, forcing fresh water to flow through the membranes. The concentrate (brine) remains on the upstream side of the membranes, and generally, this stream is passed through a mechanical energy recovery device before being discharged back to the sea. Desalination plants require significant amounts of energy as heat or electricity form and significant amounts of equipments. Reverse osmosis plants typically require less energy than thermal distillation plants. However, the membrane replacement and the high-pressure pumps increase the RO production cost significantly. Furthermore, even the salt concentration of permeated stream is low; this stream is not free of salt, as the distillate stream produced by a MSF system. Therefore, hybrid system combining thermal and membrane processes are being studied as promising options. Hybrid plants have potential advantages of a low power demand and improved water quality; meanwhile the recovery factor can be improved resulting in a lower operative cost as compared to stand alone RO or MSF plants. Several models have already been described in the literature to find an efficient relationship between both desalination processes (Helal et al., 2003; Agashichev, 2004; Cardona & Piacentino, 2004; . However, these works analyse only specific fixed configurations for the RO-MSF hybridization.
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In this chapter, all the possible configurations for hybrid RO-MSF plants are analyzed in an integrated way. A super-structure model for the synthesis and optimization of these structures is presented. The objective is to determine the optimal plant designs and operating conditions in order to minimize the cost per m 3 of fresh water satisfying a given demand. Specifically, the work (Marcovecchio et al., 2009 ) is properly extended, in order to study the effect of different seawater concentrations on the process configuration. This will allow finding optimal relationships between both processes at different conditions, for a given fresh water demand.
Super-structure description
The modelled superstructure addresses the problem of the synthesis and optimization of hybrid desalination plants, including the Multi Stage Flash process: MSF and the Reverse Osmosis process: RO. The total layout includes one MSF and two RO systems, in order to allow the possibility of choosing a process of reverse osmosis with two stages. Many of the existing RO plants adopt the two stages RO configurations, since in some cases it is the cheapest and most efficient option. Figure 1 illustrates the modelled superstructure. All the possible alternative configurations and interconnections between the three systems are embedded. The seawater feed passes through a Sea Water Intake and Pre-treatment system (SWIP) where is chemically treated, according to MSF and RO requirements. As Figure 1 shows, the feed stream of each process is not restricted to seawater; instead, different streams can be blended to feed each system. Then, part of the rejected stream leaving a system may enter into another one, even itself, resulting in a recycle. The permeated streams of both RO systems and the distillate stream from MSF are blended to produce the product stream, whose salinity is restricted to not exceed a maximum allowed salt concentration. Furthermore, a maximum salt concentration is imposed for the blended stream which is discharged back to the sea, in order to prevent negative ecological effects. Seawater characteristics: salt concentration and temperature are given data, as well as the demand to be satisfied: total production and its maximum allowed salt concentration. On the contrary, the flow rate of the seawater streams fed to each system are optimization variables, as well as the flow rate and salt concentration of the product, blow down and inner streams. The operating pressures for each RO system are also optimization variables. If the pressure of the stream entering to a RO system is high enough, the corresponding high pressure pumps are eliminated. Moreover, the number of modules operating in parallel at each RO system is also determined by the optimization procedure. The remainder rejected flow rate of both RO systems, if they do exist, will pass through an energy recovery system, before being discharged back to the sea or fed into the MSF system. For the MSF system, the geometrical design of the evaporator, the number of tubes in the pre-heater, the number of flash stages, and others are considered as optimization variables. The complete mathematical model is composed by four major parts: The Multi Stage Flash model, The Reverse Osmosis model, network equations and cost equations. The following section focuses on each of these four parts of the model.
Mathematical model

Multi Stage Flash model
The model representing the MSF system is based on the work (Mussati et al., 2004) . A brief description of the model is presented here. The evaporator is divided into stages. Each stage has a seawater pheheater, a brine flashing chamber, a demister and a distillate collector. Figure 2 shows a flashing stage. In a MSF system, feed stream passes through heating stages and is heated further in the heat recovery sections of each subsequent stage. Then, feed is heated even more using externally suplied steam. After that, the feedwater passes through various stages where flashing takes place. The vapor pressure at each stage is controlled in such way that the heated brine enters each chamber at the proper temperature and pressure to cause flahs operation. The flash vapor is drawn to the cooler tube bundle surfaces where it is condensed and collected as distillate and paseses on from stage to stage parallelly to the brine. The distillate stream is also flash-boiled, so it can be cooled and the surplus heat recovered for preheating the feed. Figure 3 shows an scheme of a MSF system with NS stages. Often, part of the brine leaving the last stage is mixed with the incoming feedwater because it reduces the chemical pre-treatment cost. According to the interconections and recirculations considered in the modeled superstructure, two typical MSF operating modes are included: MSF-OT (without recycle) and MSF-BR (with recycle). However, more complex configurations are also included, since different streams can be blended (at different proportions) to feed the MSF system. 
The total production of distillate is evaluated by:
The following equation establishes a relation between heat transfer area, number of tubes and chamber width:
The stage height can be approximated by:
The number of rows of tubes in the vertical direction is related to the number of tubes in the following way:
The following equation relates the shell diameter to the number of rows of tubes and Pitch:
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The length of the desaltor is constrained by the following two equations:
The total stage surface area is calculated by:
Finally, the temperature of last flashing stage of the MSF system is calculated as:
Despite the simplifying hypothesis assumed in the model, the MSF process is well represented and the solutions of this model are accurately enough to establish conclusions for the hybrid plant.
Reverse osmosis model
The model representing the RO system is based on the work . A brief description of the equations is presented here. Each RO system is composed by permeators operating in parallel mode and under identical conditions. Particularly, data for DuPont B10 hollow fiber modules were adopted here. However, the model represents the permeation process for general hollow fiber modules and any other permeator could be considered providen the particular module parameters. Figure 4 represents the RO system modeled for the hybrid plant.
Fig. 4. RO system
Initially, pressure of inlet stream is raised by the High Pressure Pumps (HPP). Then, the pressurized stream passes through membrane modules, where permeation takes place. Part of the rejected stream could pass through the energy recovery system, before being discharged back to the sea or fed into the MSF system. Therefore, part of the power required for the whole plant is supplied by the energy recovery system, and the rest will be provided by an external source.
Equations (14) to (30) 
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The transport phenomena of solute and water through the membrane are modeled by the Kimura-Sourirajan model (Kimura & Sourirajan, 1967 
The velocity of flow is:
The following equation gives the salt concentration of the permeate stream:
Permeate flow rate is calculated as the product between the permeation velocity and the membrane area:
The total material balance for each permeator is:
The salt balance in each permeator is given by:
The phenomenon of concentration polarization must be considered. The principal negative consequence of this phenomenon is a reduction in the fresh water flow. The approach widely used to model the influence of the concentration polarization is the film theory. The Sherwood, Reynolds and Schmidt numbers are combined in an empirical relation: equation (24) to calculate the mass transfer coefficient:
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In order to estimate the average pressure drop in the fiber bore and the average pressure drop on the shell side of the fiber bundle, it is necessary to calculate the superficial velocity in the radial direction. According to (Al-Bastaki & Abbas, 1999) , the superficial velocity can be approximated as the log mean average of the superficial velocity at the inner and outer radius of the fiber bundle: 
Finally, the total flow rates of feed and permeate for each system are given by:
The chosen model considers all the most important aspects affecting the permeation process. Even thought, differential equations involved in the modeling are estimated without any discretization, the whole model is able to predict the flow of fresh water and salt trough the membrane in an accuracy way.
Network equations
The overall superstructure is modelled in such way that all the interconnections between the three systems are allowed, as it shown in Figure 1 . In effect, part of the rejected stream of each system can enter into another system, even itself. The fractions of rejected streams of RO systems that will enter into MSF system or that will be discharged back to the sea, will pass through the ERS. On the contrary, the fractions of rejected streams of RO systems that will enter into a RO system again, will not pass through the ERS, because the plant could benefit from these high pressurized streams. In fact, when all the streams entering to a RO system flow at a high enough pressure, the corresponding HPPs can be avoided. That RO system would correspond to a second stage of reverse osmosis. In that case, the pressure of all the inlet streams will be levelled to the lowest one, by using appropriated valves. However, if at least one of the RO inlet streams is coming from MSF system or from sea, the pressure of all the inlet streams will be lowered to atmospheric pressure, and before entering membrane modules, HPPs will be required. The network and cost equations are formulated is such way that the optimization procedure can decide the existence or not of HPPs and this decision is correctly reflected in the cost functions. When the whole model is optimized, the absence of a particular stream is indicated by the corresponding flow rate being zero. Furthermore, the optimization procedure could decide the complete elimination of one system for the optimal design. The energy and material balances guarantee the correct definition of each stream. The total fresh water demand is 2000 m 3 /h and is the result of blending the product stream of each system:
The fresh water stream must not exceed a maximum allowed salt concentration. This requirement is imposed by the following constraint, taking into account that distillate stream is free of salt, but permeate RO streams are not.
( )
For ecological reasons, the salinity of the blended stream which is discharged back to the sea must not be excessively high. An acceptable maximum value for this salinity is 67000 ppm:
By considering all the possible streams that can feed MSF system, the following equations give the flow rate of MSF feed stream:
WW f e e dWWW = +++
Consequently, salt and energy balances for MSF feed are:
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The overall mass and salt balances for MSF system are given by:
Similarly to equation (36), the following equations give the flow rate of RO feed streams:
Equations (43) and (44) establish the division of the total rejected stream leaving each RO system in the different assignations:
The salt balances for RO system feeds are:
Meanwhile, energy balances for RO systems feeds are given by:
The overall mass balances for RO systems are:
The following equations establish the overall salt balances for RO systems:
Equations (53) to (60) assign to the variables P ro1 in and P ro2 in the minimal pressure over all the flows entering to the corresponding RO system. This assignation will allow the model to decide whether the HPPs before each RO system are necessary or not. In fact, if the minimal www.intechopen.com Desalination, Trends and Technologies 320 pressure of the inlet streams: P in is equal or greater than the pressure needed to pass through the membrane modules: P f , then the corresponding HPPs are not necessary. On the other hand, if the value of P in does not reach the operating pressure P f , then the corresponding HPPs cannot be avoided. In the following section, this decision will be modelled by the cost functions. If the stream feeding the RO1 system includes part of brine stream leaving the MSF system, equation (53) imposes that the corresponding variable P ro1 in be lower or equal than atmospheric pressure. On the contrary, if no stream coming from MSF system is feeding the RO1 system (i.e. W msf Rro1 =0), then constraint (53) does not affect variable P ro1 in at all. Equation (56) performs the same imposition by evaluating the existence or not of stream coming from the sea in the RO1 feed. Equations (54) and (55) evaluate the existence of streams coming from an RO system and feeding RO1 system. If any of these streams does exist (i.e. W ro1 Rro1 >0 or W ro2 Rro1 >0), the variable P ro1 in is imposed to be lower than the pressure of the corresponding stream.
Equations (57) to (60) act in analogous way to the four previous ones for the system RO2.
When the HPPs before an RO system are avoided, it is not convenient that the corresponding system operates at pressure lower than the available one. The following equations guarantee that, and also ensure the correct definition of associated cost functions.
Most of the constraints presented in this section are complementary to the cost functions described in the following section.
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Cost equations
This section describes the cost equations of the total plant. The objective function to be minimized is the cost per m 3 of produced fresh water. Capital and operating costs are calculated. The cost equations were formulated in such way that they can correctly reflect the presence or absence of equipments, streams or systems. Capital costs are calculated by equations (63) to (67), while equations (69) to (76) estimate the operating ones. Cost function reported by (Malek et al., 1996) was adopted in order to estimate capital cost for the SWIP:
Capital cost of HPP is defined in the same way. As it was explained at section 3.3, the variables P in assume the minimal pressure over all the streams feeding a RO system, while P f is the operating pressure of the system. Equations (64) and (65) along with the optimization procedure, will make the variables cc hpp to assume the capital cost of the HPP only when P f > P in , otherwise cc hpp will assume value null.
( ) ( )
393000 10710 1.01325 0 450
Capital cost of the ERS is similar to the HPP one, since it consists of a reverse running centrifugal pump. Taking into account flow rate and pressure of the streams passing through the ERS, the capital cost is given by: 
The capital cost considered for the MSF system is the one due to the heat transfer area. According to (Mussati et al., 2006) this cost can be estimated as:
Therefore, the plant equipment cost is: cc eq = cc swip + cc hpp1 + cc hpp2 + cc area . Civil work cost is estimated as a 10% of cc eq (Wade, 2001 ). Indirect cost is estimated in the same way (Helal et al., 2003) . Then, the Total Capital Cost (TCC) is given by: TCC = cc eq + cc cw + cc i = 1.2 cc eq = 1.2 (cc swip + cc hpp1 + cc hpp2 + cc ers + cc area )
Capital charge cost is estimated as a 8% of the total capital cost (Malek et al., 1996) :
The cost due to permeators is included as operative cost, by calculating their annualized installation cost and considering the replacement of 20% of permeators per year. According to (Wade, 2001) this sum can be estimated as $397.65 per module per year.
Energy cost is calculated by using the cost function given in (Malek et al., 1996) and the power cost reported in (Wade, 2001 
General operation and maintenance cost is calculated according to the value per m 3 of produced water reported in (Wade, 2001) :
Similarly, power cost for MSF system is evaluated according to (Wade, 2001) :
The cost of the heat consumed by MSF system is calculated by using the function proposed by (Helal et al., 2003) : 
Equations (1) to (78) define the model for the design and operation of a hybrid desalination plant, including MSF and RO systems. In the following section, this model will be optimized for different seawater salt concentrations, and the obtained solutions will be analysed.
Results: Optimal plant designs and operating conditions
In this section optimized results are presented and discussed.
The proposed optimization problem P is defined as follows:
Equations (1) to (78) while all the variables have appropriated bounds. The optimization procedure will look for the optimal layout and operating conditions in order to minimize the cost per m 3 of produced fresh water.
It is important to note that almost all discrete decisions were modelled exploiting the actual value of flow rates and pressures. Thus, no binary decision variables were included into the model. Only four integer variables are involved: the number of flash stages and the number of tubes in the pre-heater at the MSF system; and the number of permeators operating in parallel at each RO system. Tables 1 and 2 The optimization model was implemented in General Algebraic Modeling System: GAMS (Brooke et al., 1997) at a Pentium 4 of 3.00 GHz. At first, the MINLP solver DICOPT was implemented to solve the problem. Unfortunately, the solver failed to find even a feasible solution for most case studies. Then, other resolution strategy was carried out in order to tackle the problem and obtain the optimal solutions. Since it involves only 4 integer variables, the problem was solved in 2 steps. Firstly, the relaxed NLP problem was solved, i.e., the integer variables were relaxed to continuous ones. Departing from the optimal solution of the relaxed problem, the MINLP was solved by fixing the integer variables at the nearest integer values and optimizing the remaining variables. Since the MINLP problem presents a lot of non-convexities, a global search strategy was also implemented. In fact, for each study case, the previous 2 steps were repeated starting the optimization search from different initial points, and then, the best local optimal solution was selected. The generalized reduced gradient algorithm CONOPT was used as NLP solver. This resolution procedure was successful, providing optimal solutions in all case studies. The total CPU time required to solve all the cases was 1.87s, what proves that the proposed procedure is highly efficient and the model is mathematically good conditioned. 11 case studies were solved for seawater salt concentration going from 35000 ppm up to 45000 ppm. The total production was fixed at 2000m 3 /h with a maximum allowed salt concentration of 570 ppm. Table 3 shows the values of the main interconnection variables for the optimal solutions: feed flow rates, product and internal streams, as well as their salt concentrations. Table 4 reports design variables and operating conditions for each process for the optimal solutions. For seawater salt concentrations between 35000 and 38000 ppm, the optimal solutions do not include the MSF system. In fact, for these salinities, the optimal hybrid plant designs consist on a typical two stage RO plant. However, if the seawater salinity is greater than 38000 ppm, both desalination processes are present in the optimal design of the plant; that is: including MSF system is profitable. Figure 5 shows a scheme of the optimal design of the plant obtained for seawater salinities between 35000 and 38000 ppm. The stream with flow rate W ro1 Rbdw is only present for 38000 ppm of seawater salinity. For salinities lower than 38000 ppm, the totality of the stream rejected from the first RO stage: system RO1, enters into the second RO stage: system RO2. Then, the stream entering into the system RO2 is sufficiently pressurized. Therefore, the high pressure pumps before system RO2 are avoided in the optimal solutions. This decision is properly made by the optimization procedure, and it is correctly reflected in the cost function.
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Figure 6 shows a scheme of the optimal solutions obtained for seawater salt concentrations between 39000 and 45000 ppm. For these case studies, both desalination processes are present at the optimal hybrid plant design. The RO systems work as a two-stage RO plant, i.e.: system RO1 is fed directly from sea, while its rejected stream is the fed stream for system RO2. No other streams are blended to feed RO systems. Regarding MSF system, it operates with an important recycle. This re-circulated stream reduces the chemical pre-treatment and raises the feed stream temperature with the consequent reduction of external heat consumption. Both factors straightly impact on the final cost. Fig. 6 . Scheme of the optimal design for seawater salinities between 39000 and 45000 ppm
As it is also shown in Table 3 , the three first cases presented in Figure 6 include the stream with flow rate W ro2 RM . However, for seawater salt concentrations higher than 41000 ppm this flow rate is null and the stream does not exist. Then, for the last four case studies, even though the two desalination processes are selected for the optimal plant design, they operate in independent way. In fact: there is no stream connecting the MSF and RO processes. However, both processes share the intake and pre-treatment system. Furthermore, the salinity of the product stream satisfies the maximum allowed salt concentration requirement because the three product streams are blended. As it can be seen at Table 3 , if only the permeate streams coming from RO systems are blended, then the salt concentration of the resulting stream will be far above the maximum allowed salt concentration. Again, the stream feeding system RO2 is composed only by the stream rejected from system RO1 and it is high pressurized. Thus, the high pressure pumps before system RO2 are unnecessary and consequently, they are avoided at the optimal design. Figure 7 shows the fresh water produced by each desalination process for all the case studies. As it was mentioned, for seawater salt concentrations below 38000 ppm, MSF system is not present, thus the demand is totally satisfied by RO systems. On the other hand, for seawater salinities higher than 38000 ppm, both processes contribute to satisfy the demand. Although the RO systems produce more fresh water than MSF system, the MSF production increases according to the seawater salinity rise. If the MSF system would not be considered, for the optimal design of a two stage RO plant the capacity of the second stage will decrease when the seawater salinity increases . In fact, even though the stream rejected from the first RO stage is high pressurized and it could enter into a second stage with no need of high pressure pumps; in the optimal design, part of this stream is discharged back to the sea. The second stage capacity will continue decreasing until only one RO stage is the optimal design for high feed salt concentration. The reason why it is no longer profitable to use the stream rejected from the first RO stage is that its salinity is too high. Thus, the salt concentration of the potential permeate will be lower but also high and then, it is not possible to satisfy the maximum allowed salt concentration even by blending with the first stage permeate. Therefore, the fresh water produced by the first stage must be higher in order to satisfy the demand. Consequently, the flow rate of seawater is increased. As a consequence, the cost per m 3 of fresh water increases, since many costs are directly affected. Contrary, in a hybrid plant where the MSF process is available, in that break point where the optimal design of a RO plant changes, it begins to be profitable to complement the RO production with distillated from MSF system. Then, for feed salinities higher than 38000 ppm, the growth of MSF system production is approximately linear. With this plant design, there is no stream rejected from the first RO stage being discharged back to the sea, i.e. the totality of that stream enters into the second RO stage. And the total production of the plant reaches the requirement of maximum allowed salt concentration by blending the slightly concentrated permeate from RO systems with the free of salt distillate of MSF process. Finally, Figure 8 compares the cost per m 3 of fresh water produced with the optimal configurations obtained for the hybrid plant with those obtained for the RO stand alone plant.
As it is shown in Figure 8 , the cost reduction reached with the hybrid RO-MSF plant is considerable. For feed salinities between 39000 and 44000 ppm, the cost function has an However, the growth rate associated to the hybrid plant cost is far lower. For comparative purposes, optimal designs for the MSF stand alone plant were calculated. That is, it was calculated the cost per m 3 of fresh water produced by the MSF-once through process satisfying the same demand: 2000 m 3 /h. In the implemented model, this cost is not affected by the feed salinity. The cost obtained for the case studies was $1.1683. Also, the designs obtained are the same for all the case studies, since the only constraint that could affect the solution is the one requiring that the concentration of the stream discharged back to sea be lower than 67000 ppm, but this limit is not reached in any case.
Conclusion
In this work, a MINLP mathematical model for the optimal synthesis and design of hybrid desalination plants, including the two conversion processes: reverse osmosis and multiple stage flash evaporation, was presented. The MSF model is based on a previous work presented by (Mussati et al., 2004) . It involves real-physical constraints for the evaporation process and is derived on energy, mass and momentum balances. In addition, geometric dimensions of stages including chambers and pre-heaters are considered as optimization variables. Heat exchange areas of condensers are also design variables to be determined. The RO model with hollow fiber permeators is based on the work . For this model, the transport phenomena of solute and water through the membrane are modelled by Kimura-Sourirajan model. The concentration polarization phenomenon is taken into account. The Hagen-Poiseuille and Ergun equations are employed to calculate the pressure drops. In the RO model, the number of permeators operating in parallel, the operating pressure and flow rates are the main optimization variables. The modelled hybrid plant includes two RO and one MSF systems. The proposed superstructure allows optimizing not only operating conditions but also process configurations simultaneously. Thus, the model includes network constraints which are related to all potential interconnections between the three systems.
Network constraints ensure the correct definition of flow rates, salt concentrations and temperatures for each stream. Cost equations take into account all the factors affecting the cost of each process. Certainly, capital investment and operating cost of all process equipments were considered. Optimal solutions for eleven case studies were obtained, for different seawater salinities. Then optimal designs and operating conditions were determined by minimizing the cost per m 3 of produced fresh water. Cost equations are able to reflect accurately the presence or absence of certain equipment, stream or even a whole system. From the optimal solutions, it can be concluded that the RO stand alone plant is the best option for feed salinities between 35000 and 38000 ppm. In fact, the optimal design obtained for these cases consist on a two-stage RO plant while the MSF process was completely eliminated. However, when the seawater salinity rises, it is profitable to integrate the MSF system in a hybrid plant. Actually, for feed salinities higher than 38000 ppm both desalination processes are present at the optimal plant design. In these cases, the integration of MSF process allows a better use of the rejected streams leaving the first and second RO stages. As a consequence, the final fresh water cost is reduced. It is important to note that although the RO production is higher than the MSF one, the MSF capacity increases according to the seawater salinity rise. Then, important conclusions about the relationship between membrane and thermal desalination processes can be established from the optimal solutions presented in this work. In fact, the optimal hybrid plants were described for different seawater conditions, in order to minimize the cost of producing fresh water. In future works, more detailed models for each process will be included in the superstructure problem, in order to improve the model presented here. In addition, other interconnections between the two studied processes will be considered, as the incorporation of streams coming from RO system in different stages of the MSF evaporator. Then, the interaction between both desalination processes will be more flexible and may lead to reduce the total cost of the process.
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